Two series of 22 and 15 atom cyclic enkephalins incorporating a diversely substituted guanidine bridge have been prepared to assess the potential effect of the bridge substitutions on their opioid activity profile. The most notable results were obtained with the shortest cyclic analogues, which showed a significant variation of their binding affinity toward μ and δ opioid receptors in relation to bridge substitution. NMR studies were performed to rationalize these data. Some small analogues were found to exist as at least one major and one minor stable forms, which could be separated by chromatography. In particular, the compounds 13 and 14 with a cyclic substituent were separated in three isomers and the basis of this multiplicity was explored by 2D NMR spectroscopy. All compounds were agonists with slight selectivity for the μ opioid receptor.
INTRODUCTION
We recently described a new kind of cyclic peptide incorporating a diversely substituted guanidine bridge formed between the side chains of two diaminoacyl residues. 1 One nitrogen of the guanidine group is extracyclic and can be non-, mono-, or disubstituted. A solid phase synthetic methodology was developed to prepare diversely substituted analogues of a single peptide sequence from a thiourea bridged intermediate via a S-methylation step. Assuming the quasiplanarity of the guanidine group, we anticipated that the bridge could adopt four different orientations inside the peptide cycle named trans/trans (tt), trans/cis (tc), cis/trans (ct), and cis/cis (cc) ( Figure 1S , Supporting Information). With the help of experimental and theoretical structural studies, which were performed on a model peptide, we found that the degree of guanidine bridge substitution could influence its orientation, mainly because of possible steric clashes between substituents, leading to a very significant impact on peptide conformation. Therefore, incorporation of a diversely substituted guanidine bridge into cyclic peptides could allow modulation of conformational flexibility and impact biological activity. Enkephalins appeared to us as a very pertinent model to explore this possibility.
Leu-and Met-enkephalins are major endogeneous opioid agonists with high affinity for δ opioid receptors and somewhat lower affinity for μ opioid receptors. Since their discovery in 1975, 2 a considerable amount of analogues have been produced to develop potent and bioavailable analgesic drugs devoid of the highly undesirable side effects caused by opiates. Because the enkephalins show only slight preference for δ opioid receptors over μ opioid receptors, the main goal of these studies was the design of μ or δ receptor-selective analogues exhibiting agonist or antagonist activity as pharmacological tools or as potential therapeutic agents. Both Tyr 1 and Phe 4 residues are required for opioid activity mediated by both receptors, but specific spatial arrangements of the aromatic ring of Phe 4 , the free Nterminal amine, and the phenolic group of Tyr 1 are critical in defining selectivity between the μ and δ receptors. Highly potent and selective ligands have been identified for each receptor, which most often are conformationally constrained analogues of the structurally flexible enkephalins. Their conformational analysis and the development of threedimensional models of the opioid receptors allowed better understanding of the structural basis for receptor selectivity. [3] [4] [5] The different strategies followed in the design of selective ligands included: (i) global conformational restriction through peptide cyclization, (ii) incorporation of conformationally constrained residues, (iii) the presence of a C-terminal carboxylate or carboxamide group, and (iv) steric limitations. One important approach was to limit peptide flexibility by cyclization. In most reported cyclic analogues, the cycle was formed between the side chains of residues 2 and 5, the residue in position 2 having the Dconfiguration to retain activity. The first cyclic enkephalin analogue H-Tyr-c[D-Dab-Gly-Phe-Leu-] (14-membered ring size) was prepared by Schiller's team and exhibited higher activity than the parent enkephalin with marked μ receptor selectivity. 6 A similar analogue described by Goodman's team, H-Tyr-c[NβCH 3 -D-Dap-Gly-Phe-NHCH 2 CH 2 -] (MABE, 13membered ring size), exhibited high potency but no selectivity. 7 The first cystine-containing cyclic enkephalin analogues H-Tyrc[D-Cys-Gly-Phe-D-(or L-)Cys]-NH 2 (14-membered ring size) were synthesized independently by Sarantakis and Schiller's group and had high binding affinity for both receptors. 8, 9 A more striking result was obtained by Henry Mosberg's group when the two Cys residues were replaced with penicillamine (Pen) residues, as the resulting compounds H-Tyr-c[D-Pen-Gly-Phe-D-(or L-)Pen]-OH (DPDPE or DPLPE) were shown to be highly selective for the δ receptor. 10 While the high binding affinity for the δ receptor could be attributed to the rigidifying effect of the gem-dimethyl groups of the penicillamine residues, adverse steric interactions between the D-Pen 2 methyl groups and the μ receptor binding sites were mainly responsible for the low μ receptor affinity. 11 Because the disulfide bond is sensitive to reduction resulting in ring-opening and incorporation of other types of bridges with different geometries could provide conformational diversity, several series of cyclic enkephalins with a stable bridge were developed. Dicarba analogues of H-Tyr-c[D-Cys-Gly-Phe-D-(or L-)Cys]-NH 2 /-OH were reported. 12, 13 They were obtained by ring-closing metathesis between the side chains of two allylglycine residues. The methodology led to two isomers with a cis and a trans olefin bridge, which could be reduced to afford a bismethylene moiety. The olefinic peptides were found to be highly potent but only moderately selective. Several series of cyclic enkephalinamide analogues with a carbonyl (or urea) bridge formed between the side chains of two diaminoacyl residues and with various cycle sizes (≥17 atoms) were prepared by Izdebski's group and were moderately selective for the μ opioid receptor. 14 
Other
modifications were introduced into some of these basic cyclic analogues to obtain more selective compounds, including Gly 3 deletion 15 or the replacement of specific residues (for instance, Tyr 1 by 2,6-dimethyl-Tyr [16] [17] [18] or Gly 3 by Phe 19 ). While enkephalin cyclizations afforded analogues with very high potency, most of them were found to be only moderately selective for one receptor subtype, with the exception of Pen-containing compounds. This lack of selectivity is very probably related to a still too high flexibility of the backbone despite the cyclization. As a matter of fact, reducing the cycle size by deleting the Gly 3 residue, and therefore further decreasing backbone mobility, allowed obtaining of highly selective analogues for μ or δ receptors. 15 To explore the impact of our mode of cyclization on the biological activity profile of a peptide, we prepared and evaluated two series of cyclic enkephalins with diversely substituted guanidine bridges ( Figure 1 , Table 1 ).
The synthetic intermediates with a thiourea bridge and a S-methyl-isothiourea bridge were also isolated and evaluated. The first series (compounds 1-6) possessed a large cycle composed of 22 atoms formed between the side chains of a D residue in position 2 and an L residue in position 6. The second series (compounds 7-14) possessed a small cycle containing only 15 atoms and was directly comparable to some published cyclic enkephalin analogues. In particular, their cycle was larger by only one atom compared to H-Tyr-c[D-Cys-Gly-Phe-L-Cys]-NH 2 and DPLPE. All compounds were C-terminally amidated.
RESULTS AND DISCUSSION

Cyclic Peptide Synthesis
The synthesis of the two series followed a nearly identical pathway. The synthesis of the small cyclic analogues 7-14 is shown in Scheme 1.
Preparation of cyclic peptides began with the manual solid phase assembly of the linear intermediates on a low-loaded Rink amide polystyrene resin to limit cyclodimerization, using conventional Fmoc chemistry and HBTU as a coupling agent. The pairs of orthogonally protected diaminoacyl residues were Fmoc-D-Orn(Mtt)-OH/Fmoc-Orn(Alloc)-OH and Fmoc-D-Dap(Alloc)-OH/Fmoc-Dap(Mtt)-OH for the synthesis of the large (1-6) and small (7) (8) (9) (10) (11) (12) (13) (14) cyclic enkephalin series, respectively. Then the cyclization sequence was performed according to the previously published procedure. 1 Briefly, the Alloc protecting group was first removed and the free side chain amine group was converted into isothiocyanate using an excess of di-2-pyridylthionocarbonate (DPT). The Mtt protecting group was removed using a mixture of DCM/TFE/AcOH, and the free amino group was reacted overnight with the isothiocyanate group in THF and in the presence of TEA to afford the cyclic peptide with a thiourea bridge. Because the two series contained a D-residue and a Gly residue, which could favor a turn conformation, 20, 21 and because of the pseudodilution effect due to low resin loading, we expected that intramolecular cyclization would be highly favored. In the case of the large cycle series, a significant side product was formed (about 30%) which possessed a molecular mass twice than expected, indicating cyclodimer formation. To try to decrease the extent of cyclodimerization in this series, we investigated the use of LiCl. Indeed, such salt was shown to facilitate peptide cyclization by inducing a turn structure, bringing the reacting groups in closer proximity through coordination of amide oxygen atoms along the peptide chain. [22] [23] [24] In a dedicated assay, cyclization was performed on small resin samples as described above but in the presence of 0-1.25 M increasing concentrations of LiCl. Whatever LiCl concentration, cyclization was more than 95% completed and no significant side product, which could result from LiCl utilization, could be observed. The monomer/dimer ratio was determined by LC-MS analysis ( Figure  2S , Supporting Information). The dimer proportion decreased with increasing LiCl concentration to a plateau at 10%. 0.4 M LiCl was the optimal concentration. In the case of the small cycle series, less dimer formation was observed (<10%) and LiCl addition was without effect. The easier formation of the monomeric cycle in the small series might be due to the shorter peptide length, which obviously brought the reacting groups closer together. After cyclization, a portion of the thiourea derivatives was cleaved off the resins to afford compounds 1 and 7. S-Methylation was performed before guanidinylation. At this step, the solid supports were divided in several portions and one portion of each resin was cleaved to yield compounds 2 and 8 with a S-methyl-isothiourea bridge. Finally, the other portions were reacted with various amine compounds before final cleavage from the resin, affording compounds 3-6 and 9-14 with diversely substituted guanidine bridges (Table 1S , Supporting Information).
All crude peptides were analyzed by RP-HPLC and LC-MS. Compounds 1-6 showed a major peak (around 45-55% according to detection at 214 nm), the only one with the expected mass. The situation was more complex for some compounds of the small cycle series. Indeed, at least a second peak with the expected mass could be observed ( Table 2 ). Compounds 7 and 9-12 exhibited a major peak (named 7a and 9a-12a) and a smaller one (about 5-20% compared to the major peak, named 7b and 9b-12b) ( Figure 3S , Supporting Information, for compound 10). Such minor peak was hardly seen for compound 8. Compounds 13 and 14 with a cyclic substituent even showed a more striking HPLC profile. Indeed, three forms with comparable abundance were observed at significantly different retention times (Table 2, Figure 4S , Supporting Information for LC-MS analysis of crude 14). The high similarity of the two crude HPLC profiles indicated that analogues 13a/14a, 13b/14b, and 13c/14c could possess close three-dimensional structures two by two. It was noteworthy that crude compound 12, which contains a disubstituted guanidine bridge (X = N(Me) 2 , not cyclic) as compounds 13 (X = Pyr) and 14 (X = Pip), gave a major and a minor chromatographic peaks as monosubstituted compounds 10 and 11, suggesting a specific effect of the cyclic substituent Pyr or Pip. In all cases, all major and minor species were separated during HPLC purification. Surprisingly, no re-equilibration could be observed for any species, indicating that the origin of these isomers was not a slow conformational equilibrium.
To check if the guanidinylation conditions could promote this re-equilibration, each separated form of compounds 13 and 14 was submitted to these conditions. Compounds 13a and 14a remained stable, while 13b and 14b were partially converted into 13c and 14c, respectively, and vice versa as shown by LC-MS analysis, suggesting these isomers were more or less stable conformers. Such behavior could result from the constraints contributed by the cyclization and the rigid guanidinium bridge, which could adopt various orientations.
However, this hypothesis still remains to be fully demonstrated. Indeed, although the presence of several isomers was not observed in the first series as well as in the small cycle series of our preceding study, 1 racemization occurring during synthesis of the small cycle series cannot be ruled out.
All species (excepted the minor species 9b, 11b, and 12b) were isolated with purity greater than 95%. They were evaluated in binding experiments.
Biological Evaluations: Receptor Binding Affinity and Functional Activity
Cyclic peptides were evaluated for their binding affinity at μ and δ opioid receptors, and in some cases at κ opioid receptors, using displacement binding assays with radioligands (Tables 3, 4 and Table 2S , Supporting Information). Data in Tables 3 and 4 indicate that all new compounds had a higher affinity for μ opioid receptors (MOR) than for δ opioid receptors (DOR) (K iδ/μ ratios between 2.6 and 41.3) with nanomolar affinities toward MOR for the best compounds (0.4 nM for 7a, 1.5 nM for 10a).
In each series, the MOR affinity and K iδ / μ ratios were compared according to the nature of the bridge and the substitution degree of the guanidine bridge. In the first series (compounds 1-6, Table 3 ), moderate variations could be observed. The thiourea bridge afforded the best compound (1) of the series with a K i of 9.1 nM for MOR binding, while S-methylation of this bridge (compound 2) decreased the affinity by a factor of 2. Compounds 3-5 with non-, mono-(X = Me), and disubstituted (X = -N(Me) 2 ) guanidine bridge, respectively, showed similar affinities for MOR (14 nM < K i < 19 nM). A bigger variation was observed for the disubstituted compound 6 (X = Pyr), which was up to 10-fold less potent than the other guanidine-bridged analogues 3-5. The reason of the difference in affinity between 5 and 6 was not understood, but the pyrrolidine substituent might have specific effects on the peptide conformation because of its cyclic nature. In addition, its size might sterically hinder receptor binding. The highest δ/μ selectivity was about 10-fold in this series. A slight variation was observed between compounds 3 and 6 (K i ratios of 3.6 to 10.3). Taken together, binding affinities were found to vary moderately according to the nature of the extracyclic substitution in this series.
More important variations were observed with compounds 7-14 (small cycle series, Table  4 ). For clarity, we first compared the receptor binding affinities of the major species of each compound (7a, 8, 9a, 10a, 11a, 12a, 13a, and 14a), which were all found to have higher MOR and DOR affinity ( Table 4) .
A notable subnanomolar MOR affinity was measured for the thiourea compound 7a, whereas the S-methylated analogue 8 had 10 times lower MOR affinity. Among all the guanidine-bridged cyclic analogues of this series, the monosubstituted 10a (X = Me) showed the highest affinity for MOR (1.5 nM). All others were at least 10 times less potent with 12-, 14-, 38-, 26-, and 71-fold lower affinity observed for the non-(9), mono-(11a), and disubstituted (12a-14a) compounds, repectively. These results indicated a significant variation in MOR affinity depending on the degree of guanidine bridge substitution, the disubstitution being less favorable. δ/μ affinity ratios were generally in the same range (10-14-fold) with two exceptions, compounds 9 and 10a, which showed a higher selectivity (about 40-fold). Compound 10a was the most interesting of all analogues because of its affinity and selectivity toward MOR.
Considering the minor isomers 7b, 10b, 13b, 14b, 13c, and 14c, their binding affinities for MOR were found significantly lower than those of the corresponding isomers 7a, 10a, 13a, and 14a (K i ratios of about 72, 12, 7, 9, 3, and 6 for 7b, 10b, 13b, 13c, 14b, and 14c, respectively). For all these Xb and Xc species, a more or less significant decrease in MOR selectivity was observed when compared to the Xa isomers. Taken together, these results indicated that the most significant variations in binding affinity and selectivity were observed in the small cycle series, most likely because of their lower global conformational freedom, which resulted in a higher impact of guanidine bridge substitution on peptide conformation, as previously shown. 1 The smaller cycle size also afforded the more potent compounds.
Ten compounds (3-5 of the large cycle series, 7a, 9a, 10a, 12a, and 13a-c of the small cycle series) were examined in the κ receptor binding assay (Table 2S , Supporting Information). None of them showed significant κ receptor binding affinity (K i > 300 nM), except for the thiourea compound 7a, which had moderate κ affinity (K i = 54.2 ± 5.4 nM).
Several functional assays were performed. Similarly to the competition binding experiments, G-protein stimulation studies were carried out in rat brain membrane preparations. This functional assay evaluated the agonist-induced receptor mediated G-protein activation that is the primary step in the G-protein coupled receptor signaling cascade. The maximal stimulation (% E max or efficacy) and the potency (pEC 50 ) of the peptides are summarized in Tables 3 and 4 . The linear pentapeptide Met-enkephalin was used as a reference agonist compound determining the full agonist stimulation level (E max 205%). Efficacy above 170% indicated a full agonist compound (compounds 5, 7a, and 8). G-Protein activity was negligible for compounds 13b,c and 14b,c. The rest of the compounds showed moderate partial agonist activity with efficacy values ranging between 130% and 169%. Overall, the robustness of the G-protein activations was in good agreement with the efficacy values obtained from the isolated tissue experiments (see below). Furthermore, the relative potency of compounds determined in the [ 35 S]GTPγS binding assay was in good agreement with their opioid receptor binding affinity.
The agonist activity was further confirmed for compounds 7a, 8, 9a, 10a, and 14a by receptor internalization experiments performed with HEK cells expressing human MOR fusionned to eGFP, using confocal fluorescence microscopy (see Figure 5S , Supporting Information for representative pictures).
Finally, compounds 7a, 8, 9a, 10a, and 14a were found to be agonists in both the functional guinea pig ileum (GPI) (MOR representative) and mouse vas deferens (MVD) (DORrepresentative) bioassays, as expected from the previous experiments ( Table 5 ). All compounds showed a higher activity in the GPI assay compared to Leu-enkephalin in accordance to their general MOR preference except compound 14a. In general, there was a good correlation between the receptor affinity measured in the binding assays and the agonist potency determined in GPI and MVD assays. In particular, the three best μ binders (7a, 8, and 10a) were also the best agonists in the GPI assay, compound 7a showing potency in the nanomolar range.
NMR Study
The proton chemical shifts of peptides 7a, 9a, 10a, 12a, and 13a-c (Table 3S , Supporting Information) were assigned using COSY, TOCSY, and ROESY experiments. To facilitate the chemical shifts assignment and overcome resonances superimposition, 1D and 2D spectra were recorded at three temperatures (283, 298 and 313 K). Experiments were run at pH 4, the optimum pH to observe the narrowest line widths for amide protons. But due to fast solvent exchange or conformational flexibility, not all amide protons resonances were observable.
Superimpositions of the 1D 1 H spectra of the analyzed compounds are presented in Figures  2 (peptides 7a, 9a, 10a, 12a, and 13a) and 3 (peptides 13a-c) . Only one series of signals was detected for each cyclic analogue, with the exception of compound 9a, which showed two conformational states, named conformation 1 and conformation 2 (prime residues). On the basis of proton chemical shifts, we clearly observed that various peptide conformations were obtained depending on the degree and the nature of the guanidine bridge substitution. Chemical shift variations not only concerned the guanidine bridge, but the entire cycle, and also the tyrosine side chain to a lesser extent. The highest chemical shift variations corresponded to the dap 2 and Dap 5 methylene resonances in agreement with the idea that substituent variations might influence the guanidine bridge orientation. The Gly 3 amide proton (Gly 3 ·NH) also globally underwent significant shifts (Δδ = 0.64 ppm between 9a/10a and 13c), a behavior that was probably related to the existence or not of hydrogen bonding. Indeed, Gly 3 ·NH was particularly unshielded in the case of compounds 9a conformation 2 (δ = 8.62 ppm) and 10a (δ = 8.62 ppm) and may be implicated in hydrogen bonding in these cases. In contrast, the Gly 3 ·NH resonance of 13c was at 7.98 ppm. The Gly 3 ·Hα resonances of the three most active compounds (7a, 10a, and 9a conformation 2) were non-equivalent (3.66-3.98 and 3.50-3.55 ppm), contrary to the other analogues (Table 3S , Supporting Information), the Gly 3 ·Hα chemical shifts of the latter being similar (δ = 3.73-3.83 ppm for 9a conformation 1, 12a, 13a, 13b, and 13c) . Finally, concerning Tyr 1 and Phe 4 residues, both Phe 4 side chain and Tyr 1 Hα and Hβ signals were less affected by the different substitutions. More strikingly, the tyrosine aromatic protons seemed to rigorously alternate between the two positions indicated on Figures 2 and 3 by asterisks. In particular, compounds 7a, 9a conformation 2, 10a, and 13b exhibited Tyr 1 aromatic Hδ/Hε downfield resonances compared with the other products. Taken together, these observations indicated that the most active compounds shared similar characteristics. 1 H spectra of 7a, 9a, 10a, 12a, and 13a (Figure 2 ) showed high similarities between compounds 12a (X = N(Me) 2 ), 13a (X = pyrrolidine), and 9a conformation 1 (X = NH 2 ). Because compounds 12a, 13a, and this conformation of 9a had also the same ROESY spectra, they very likely adopted the same 3D conformation. This observation was in agreement with their similar chromatographic behavior together with their close μ binding affinity and selectivity, at least for compounds 12a and 13a (Table 4 ). In the case of 9a, the slightly higher activity at μ receptors might be due to the other conformational state, "conformation 2", the spectrum of which resembled that of compound 10a. Spectra of the more active analogues 7a (X = S) and 10a (X = NHMe) were quite different from the others. Their Dap 5 amide protons were particularly shielded. The Gly 3 ·NHs were moved downfield and may indicate their implication in a hydrogen bond, as mentioned above. The aliphatic region of 7a and 10a 1D spectra could be easily distinguished from that of the other peptides, which shared a quasisimilar pattern. In addition, specific broadening or narrowing of the Dap methylene line widths was observed for the more active compounds 7a and 10a when the temperature was decreased ( Figure 6S , Supporting Information) underlining a notable conformational flexibility. This phenomenon was not observed with the other compounds. Taken together, these observations indicated that the more active compounds shared similar conformational features.
Comparison of the 1D
As several stable peptide conformations might exist for a single substituent, we independently compared the three isomers of compound 13 carrying the pyrrolidine substituent to better understand the origin of these multiple species as well as their differences in biological activity. As a matter of fact, 1D 1 H spectra of 13a-c ( Figure 3 ) showed clear differences as expected. The first notable discrepancy concerned the amide proton resonances, with the apparition of the two Dap 5 amide resonances and the significant shielding of the C-terminal NH 2 protons of 13a compared to 13b and 13c. In addition, we observed in the aliphatic region of the spectra that the pyrrolidine resonances of 13b/13c were particularly split between 1.48 and 2.65 ppm while the signals were degenerated at 1.88 ppm for the CH 2-2 of 13a. Then, differences between the two isomers 13b and 13c mainly resided in the strong shielding of Gly 3 ·HN and the aromatic protons of Tyr 1 and Dap 5 Hβ splitting for 13c.
ROESY spectra were acquired typically at 298 and 283 K to decrease the peptide internal motion and promote the ROE effect. The few long-range ROE observed on the spectra are represented in Figure 4 . A strong ROE appeared between the Dap 5 HNγ and Hα of Tyr 1 for compound 13a. Compounds 13b and 13c had the same long-range ROE between protons of one side of the pyrrolidine ring and the Hδ aromatic protons of Phe 4 , which underlined the proximity of the aromatic moiety and the pyrrolidine group. This observation was supported by the splitting of the pyrrolidine proton resonances that underwent a ring effect, in contrast to those of compound 13a, which were degenerated. Finally, a small ROE cross peak was observed between Gly 3 Hα and Tyr 1 Hδ only for 13c, explaining the strong shielding of these signals in the 1D 1 H spectrum. Although only a few long-range ROE were observed for each isomer, clearly distinct structural arrangements could be inferred from them. In addition, these ROE involved the two aromatic residues, which are known to be of great importance for opioid activity.
CONCLUSION
In this study, we have synthesized several cyclic enkephalin analogues with a thiourea or a guanidine bridge. The most interesting results were obtained with the small cycle series, indicating that the influence of a diverse guanidine bridge substitution on biological activity and structure could only be observed in a sufficiently constrained environment. This observation had already been reported for RGD-related guanidine-bridged cyclic analogues. 1 The constrained nature of a diversely substituted guanidine group should be progressively counteracted by the higher flexibility of a longer peptide chain. Nevertheless, we showed that variation of the degree of guanidine bridge substitution in the small cycle series could indeed greatly impact the biological activity, whereas analogues shared the same peptide sequence and cycle size.
The lack of unambiguous NOEs restraints to converge toward a single set of conformations during the molecular modeling stage prevented us from proposing major conformations for each compound and explaining the different opioid receptor affinities from a topological point of view. In particular, no NMR data allowed establishment of a particular orientation for the guanidine bridge for any analogue. However, the careful analysis of the NMR data of selected analogues showed that variation of biological activity could be correlated to preferential conformations or behaviors in solution. For example, the most potent compounds 7a and 10a shared comparable NMR spectra but presented significantly different 1D spectra compared to others. In addition, compounds 12a and 13a possessing very similar 1D and ROESY spectra displayed similar μ receptor affinity and selectivity.
Finally, the three isomers of compound 13 exhibited different activities and clear differences in their conformations. Having established that the degree of guanidine bridge substitution could influence the guanidine orientation, this feature could be at the origin of multiple forms.
Compound 7a (thiourea bridge) was the best μ opioid receptor ligand of the present study and was much more potent than guanidine-bridged analogues, with the exception of 10a. The guanidinium substitution could influence the bridge orientation, making the cycle somewhat less flexible than that with a thiourea bridge, may be leading to a less favorable conformation in most cases. In the case of compound 10a, which is only 4-fold less potent than 7a toward μ opioid receptor, the N-methyl substitution would allow a conformation better recognized by this receptor compared to other guanidine analogues. But the probable more constrained nature of 10a (due to guanidine substitution) compared to 7a could be the reason of the 3-fold higher selectivity toward μ opioid receptor. With its 40-fold selectivity, compound 10a compared favorably with previously reported and closely related cyclic enkephalins like the disulfide bridged H-Tyr-c[D-Cys-Gly-Phe-Cys]-NH 2 9 or analogues with a dicarba bridge. 12 All have similar potency on μ opioid receptor but showed a much lower selectivity for this receptor, confirming the higher constraint displayed by a guanidine bridge compared to a disulfide or a dicarba bridge. Other closely related enkephalin analogues having a carbonyl (or urea) bridge but with a larger cycle size are also potent μ agonists, but their selectivity was assessed with the GPI/MVD assay, making difficult a direct comparison. 14 Finally, compounds 7a and 10a were tested in vivo in mice and shown to display antinociceptive activity in the tail-immersion test after ip injection (Bart De Spiegeleer, personal communication, to be published elsewhere).
EXPERIMENTAL SECTION General
Fmoc-protected amino acids, HBTU, DIEA, TFA, piperidine, solvents, and other reagents were purchased from Iris-Biotech, Novabiochem, Riedel-de Haën, Carlo Erba, or Acros Organics and used without further purification. Fmoc Rink amide polystyrene resin (100-200 mesh, 0.14 mmol/g) was purchased from Iris-Biotech. Solvents used for RP-HPLC and LC-MS were of HPLC grade. 
Peptide Synthesis
Peptide chain assembly was manually and stepwise accomplished following an Fmoc/tBu strategy. The protected diaminoacyl residues were Fmoc-D-Orn(Mtt)-OH/Fmoc-Orn(Alloc)-OH and Fmoc-D-Dap(Alloc)-OH/Fmoc-Dap(Mtt)-OH for the synthesis of the large and small cycle series, respectively. Boc-Tyr(tBu)-OH was used as the N-terminal residue. Fmoc-Rink amide-PS resin (0.14 mmol/g) was first conditioned for 15 min in NMP. The amino acid derivatives were then added by a succession of deprotection and coupling steps. Fmoc removal was performed through two consecutive treatments with piperidine/DMF (20/80) for 10 and 25 min. Coupling of Fmoc-protected amino acids (3 equiv) was carried out in NMP in the presence of HBTU (3 equiv) and DIEA (4 equiv) for 3 h. After each step, the resin was washed with DMF, MeOH, DCM, and DMF. Monitoring of the deprotection and coupling steps was performed using the TNBS test. A second coupling was performed when necessary.
After peptide assembly, the alloc group was removed by treatment of the resin with Pd[PPh 3 ] 4 (0.2 equiv) and phenylsilane (24 equiv) in anhydrous DCM. After 4 h stirring at rt, the resin was filtered and washed twice with DCM, DMF, and DCM and the treatment was repeated. The deprotected side chain amino group was then converted into isothiocyanate by reaction with di-2-pyridyl-thionocarbonate (DPT, 5 equiv) in DCM for 12 h. After washing with DCM and DMF, the completion of the reaction was assessed by the TNBS test. The Mtt protecting group of the second diaminoacyl residue was removed by six 20 min treatments of the resin with a DCM/TFE/AcOH mixture (7/2/1) followed by washings with DMF, MeOH, and DCM. After conditioning the resin in anhydrous THF, 4 equiv of TEA were added and the suspension was stirred 3 h under reflux and 12 h at rt to yield the cyclic peptide with a thiourea bridge. In the case of the large cycle series, 0.4 M LiCl was added to the cyclization mixture to limit dimer formation. Completion of the reaction was assessed by the TNBS test. S-Methylation of the thiourea was performed by three 1 h treatments of the resin with a 0.2 M MeI solution in DMF. Guanidinylation of the S-methyl-isothiourea bridge was performed by reaction with a 2 M solution of the amine compound in anhydrous DMSO for 16 h at 80 °C. In the case of amine hydrochlorides (for instance, methylamine), an equivalent amount of NMM was added. The resin was then washed with DMF and DCM.
Final cleavage of peptides from the resin and side chain deprotections were performed with TFA/TIS/H 2 O (95:2.5:2.5, 10 mL/g resin) at room temperature for 2 h. After resin filtration, the filtrate was concentrated under vacuum and peptides were precipitated by diethyl ether addition and recovered after centrifugation. The pellet was washed twice with diethyl ether. All compounds were obtained with an average yield of 10%. They were purified by reversephase HPLC. All compounds were above 95% purity.
TNBS test: after each coupling and deprotection step and after isothiocyanate preparation and cyclization, an aliquot portion of resin beads was collected and treated with one drop of a 1 M TNBS solution in DMF and one drop of a 10% DIEA solution in DMF (v/v). Red beads after 1 min at room temperature indicated the presence of free amine groups.
Each intermediate step (peptide assembly, alloc removal, isothiocyanate preparation) was checked by cleaving 2-3 mg of resin with 500 μL of the above-mentioned TFA mixture and the released products were analyzed by LC-MS. Purification by preparative RP-HPLC was performed on a Waters Delta Pak C18 column (40 mm × 100 mm, 15 μm, 100 Å), linear gradient of eluent B in A at a 1%/min rate (flow rate: 28 mL/min). Eluent A, 0.1% aqueous TFA; eluent B, acetonitrile/0.1% TFA.
Analysis and Purification
Mass spectrometry: samples were prepared in acetonitrile/water (50/50 v/v) mixture. The LC-MS system consisted of a Waters Alliance 2690 HPLC, coupled to a Waters-Micromass ZQ spectrometer (electrospray ionization mode, ESI+). All analyses were carried out using a RP C18 monolithic Onyx Phenomenex column (25 mm × 4.6 mm), linear gradient (0-100%) of eluent B in A over 3 min (flow rate: 3 mL/min). Eluent A, 0.1% aqueous formic acid; eluent B, acetonitrile/0.1% formic acid. Positive ion electrospray mass spectra were acquired at a solvent flow rate of 100-500 μL/min. Nitrogen was used as both the nebulizing and drying gas. The data were obtained in a scan mode in 0.1 s intervals; 10 scans were summed up to get the final spectrum.
The HPLC retention time in two condition sets, calculated monoisotopic mass, and measured high resolution mass of the compounds, and yields of purified products are reported in Table 1S , Supporting Information.
Receptor Binding Assay
Crude membrane fractions were prepared from Wistar rat brains according to the method of Pasternak with minor modifications. 25 All μ and δ receptor binding assays were performed as previously described. 26 Briefly, rat brain membranes were incubated at 35 °C for 45 min in 50 mM Tris-HCl (pH 7.4) in a final volume of 1 mL containing 1 mg of BSA and 0.2-0.4 mg/mL membrane protein, with the MOR agonist [ 3 H]DAMGO (0.9-1.2 nM) or the DOR selective agonist [ 3 H]DIDI (0.8-1.3 nM), in the presence of unlabeled test ligands (concentrations ranging from 10 -5 to 10 -11 M). Nonspecific binding was determined in the presence of 10 μM naloxone. Bound radioactivity was determined in Packard Tricarb 2300TR liquid scintillation analyzer. Experiments were performed in duplicate and repeated at least three times. κ receptor binding affinities were determined by displacement of [ 3 H]U69,593 (Amersham) from guinea pig brain membrane binding sites, as described. 27 Incubations were performed for 2 h at 0 °C with [ 3 H]U69,593 at a concentration of 0.80 nM. IC 50 values were determined from log-dose displacement curves, and K i values were calculated by means of the equation of Cheng and Prusoff, 28 using a value of 2.9 nM for the dissociation constant of [ 3 H]U69,593.
Ligand-Stimulated [ 35 S]GTPγS Functional Assay
Agonist-induced receptor-mediated G-protein stimulaions were performed as previously described. 29 Briefly, rat brain membrane fractions Agonist-induced receptor-mediated G-protein stimulation is given as a percentage over the specific [ 35 S]GTPγS binding observed in the absence of receptor ligands (basal activity).
GPI/MVD Assays
The GPI and MVD functional assays were carried out as reported in detail elsewhere. 30, 31 A dose-response curve was determined with Leu-Enk as standard for each ileum and vas preparation, and IC 50 values of compounds being tested were normalized according to a published procedure. 32
Data Analysis
All radioligand receptor binding experiments were performed in duplicate, and the [ 35 S]GTPγS binding assays were performed in triplicate. Experimental data were analyzed and graphically processed by GraphPad Prism (version 4.00 for Windows, GraphPad Software, San Diego California USA, www.graphpad.com) research software package using standard office computers. Displacement curves were fitted by nonlinear regression using the one-site competition fitting option with no ligand depletion. The equilibrium inhibition constant (K i value) was calculated from the IC 50 values according to the built-in Cheng-Prusoff equation module: K i = (IC 50 )/(1 + ([L])/(K d )) where [L] is the concentration of free radioligand used in the assay and K d is the dissociation constant of the radioligand for the receptor. G-Protein stimulation data were analyzed by the sigmoid dose-response curve fit option of Prism (version 4.0, San Diego, CA).
NMR Spectroscopy
The NMR samples contained ~1 mM of 7a, 9, 10a, 12a, 13a, 13b , and 13c peptides dissolved in aqueous solutions (90% H 2 O, 10% D 2 O) at pH 4. All spectra were recorded on a Bruker Avance 600 spectrometer (Bruker Biospin) equipped with a 5 mm triple-resonance cryoprobe ( 1 H, 13 C, 15 N). Homonuclear 2-D spectra DQF-COSY, TOCSY (MLEV), ROESY, and NOESY were typically recorded in the phase-sensitive mode using the States-TPPI method as data matrices of 256 real (t 1 ) × 2048 (t 2 ) complex data points; 32-48 scans per t 1 increment 6009.6 Hz in both dimensions were used. The mixing times were 100 ms for TOCSY and 450 ms for the ROESY/NOESY experiments. Spectra were processed with Topspin (Bruker Biospin) and visualized with Topspin or NMRView on a Linux station. Matrices were zero-filled to 1024 (t 1 ) × 2048 (t 2 ) points after apodization by shifted sinesquare multiplication and linear prediction in the F1 domain. Chemical shifts were referenced to the solvent chemical shifts. Schematic representation of the 13a-c long-range ROE correlations (gray arrays). 
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N-[(1H-benzotriazol-1-yloxy) (dimethylamino)-methylene]-N-
